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This study is focused on characterizing the elastic properties of oil shale rocks from
the Green River formation of the Western USA. Oil shales are immature rocks that
have the potential of producing vast quantities of liquid hydrocarbons due to their
richness of organic content, which is comparable to the world reserves of oil and gas.
Historically, the most common exploitation techniques of oil shales have been surface
mining and retorting. However, this techniques has its drawbacks environmentally
and economically. This necessitates the development of new in-situ techniques of
oil shale retorting for the purpose of converting the immature kerogen into liquid
hydrocarbons.
Most oil shale rock properties have shown a significant dependance on temper-
ature. Only a few reliable studies are available that were conducted at elevated
temperatures, which creates many challenges to the development of effective in-situ
methods. The outcome of this work is intended to help characterize oil shale forma-
tions during in-situ retorting (heating), and to provide relevant acoustic results for
seismic monitoring processes.
The first chapter of this thesis explains some of the main definitions associated
with oil shales and their geological background, while reviewing some of the data avail-
able in the literature. The second chapter gives details about the study samples, the
experimental setup, and challenges associated with high temperature measurements.
The third chapter presents the immediate results obtained from the acoustic velocity
measurements on different oil shale samples. The fourth chapter is mainly focused on
modeling kerogen properties and characterizing kerogen behavior at elevated temper-
ature. Lastly, the fifth chapter will draw some of the conclusions reached throughout
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The outcome of this work is intended to help characterize oil shale formations
during in-situ retorting (heating), and to provide relevant acoustic results for seismic
monitoring processes. This is achieved by performing acoustic velocity measurements
on different oil shale samples with respect to their bedding planes and organic con-
tents. In addition, X-Ray CT scanning and FESEM imaging have been used to
further characterize the micro-structural alteration of kerogen during the maturation
process. Some of these properties have been published from studies conducted mostly
at room temperature. However, few studies are available that have been conducted
at higher temperatures.
1.1 Summary
This first chapter starts with the definitions related to oil shales, and the difference
between them and shale oil. Then, I discuss the significance of oil shales and the
estimate of oil and gas resources. Consequently, I present the different exploitation
methodologies associated with oil shale production. Furthermore, I introduce briefly
the geological setting and depositional environment of the Green River formation,
from which my study samples come. Since the bulk of this work is focused on the
measurements of oil shale acoustic properties, I show literature data and previous
work from the two studies by Eseme et al. (2007) and Mraz et al. (1983). Lastly, I




From my experience through presentations and peer discussions, many scholars
and professionals confuse the term oil shale with shale oil. Therefore, It is important
to start with basic definitions before going deep into the analytical study.
Hydrocarbons can be found naturally in several types of host rocks and depo-
sitional environments. Historically, two categories of hydrocarbons were defined as
conventional and unconventional resources depending on the type of the reservoir
rocks, the properties of produced material, or the technology needed for extraction.
In general, conventional hydrocarbons are much cheaper to be found and produced.
There are three main categories of unconventional oil: 1) oil produced by heating
the organic material (kerogen), 2) bitumen extracted from oil sands, 3) heavy oils with
very low gravity requiring thermal techniques of extraction (NETL, 2010). However,
as the technology develops over the years, the distinction between conventional and
unconventional hydrocarbons becomes less clear. Many of the reservoirs that were
considered unconventional are now "conventional" and producing at economic rates.
Oil shales are shallow formations that consist of a host rock containing substantial
organic material (kerogen). The kerogen found in oil shales is not mature enough to be
converted into oil naturally. This is why elevated temperatures are needed in order to
produce from oil shales. An example of oil shales is the Green River Formation, which
is the subject of this thesis.On the other hand, shale oil rocks are those containing
conventional crude oil that can be produced by means of hydraulic fracturing of the
organic shales. An example of shale oil formations are the Bakken and Barnett.
In addition, one of the main differences between the Green River Formation and
most of the known shale oil reservoirs is the type of kerogen that is contained in the
organic matter. The organic matter in oil shales from the Green River Formation
is lacustrine, high in hydrogen content and classified as Type I kerogen, while the




As will be discussed in the following chapters in detail, one of the main factors that
affects many of the properties of oil shales is the organic matter (kerogen) content
of the rock samples. Thus, a discussion of the different types of kerogen and their
maturation process is presented in this section.
1.3.1 Kerogen
Kerogen is defined as the "disseminated organic matter in sediments that is in-
soluble in normal petroleum solvents, such as carbon di-sulfide" (Selley, 1998). The
insolubility of kerogen is the main distinction between it and bitumen. Furthermore,
kerogens are classified into four main types (I, II, III, IV) according to their carbon,
hydrogen, and oxygen contents. The kerogen type and its hydrogen content are the
key factors of the quality of the produced hydrocarbons.
1.3.2 Types of Kerogen
The difference in the types of kerogen is the chemical structure of each type,
which is related to the nature of the environment and the original organic material.
Figure 1.1 from (Selley, 1998) describes the molecular structure of the three main
types of kerogen, in addition to their hydrogen-carbon ratio (H/C), oxygen-carbon
ratio (O/C), and their potential hydrocarbon production.
Type I kerogen has the biggest potential for producing oil/liquid hydrocarbons
during the maturation process. The origin of type I kerogen is known to be from
algae. Compared to all other kerogens, type I kerogen has the highest hydrogen-
oxygen (H/O) ratio. The H/C of this kerogen type is about 1.65, and the O/C is
0.06. The chemical structure of type I kerogen is shown in Figure 1.1 (A) where it is
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very rich in aliphatic (non-aromatic) compounds. The Green River formation is an
example for this type of kerogen.
Type II kerogen has the potential of producing oil or gas hydrocarbons. Liptinites
are the main sources of origin for this type of kerogen. The HIC ratio of this type of
kerogen is about 1.28 and its 0IC ratio is 0.10. An example for type II kerogen is
the Kimmeridge clay of the North Sea (Selley, 1998) or the source rock components
of some of the famous shale reservoir in the USA such as the Bakken. The chemical
structure of type II kerogen is shown in Figure 1.1 (B). Type I and II kerogen are
usually found in lacustrine and marine environments respectively.
Type III kerogen (humic), in contrast to the other two types, has the potential of
generating primarily gas. This kerogen type also has the lowest HIC ratio of about
0.84, and a aIC ratio of 0.13. Humic kerogens originate from woody plants that
normally grow on land. As shown in the chemical structure in Figure 1.1 (C), type
III kerogen is low in aliphatics, but very rich in aromatic compounds.
Type IV kerogens are the remnants of burned material, and thus have a very low
HIC ratio (not shown in Figure 1.1). Type IV kerogen is a coal producing material,
and we will not consider it further.
1.3.3 Maturation of the Organic Matter
Having defined the different types of organic material .and their potential to pro-
duce liquid and gas hydrocarbon, it is important to discuss their maturation process
in nature. As organic materials are buried deeper into the subsurface, they get ex-
posed to higher temperature and pressure. In petroleum geology, three major phases
are considered to contribute to the maturation of the organic matter: diagenesis,
catagenesis, and metagenesis.
Figure 1.2 shows a schematic of the extended cycles of production and maturation
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Figure 1.1: Example chemical structure of the different kerogen types. (Selley, 1998)
into accumulating sediments in the shallow subsurface at normal temperatures and
pressures. Diagenesis starts at this stage, with bacterial aided biogenic decay. Gases,
methane and carbon dioxide, and water are separated from the organic material,
leaving behind kerogen (Selley, 1998). This process consequently results in reducing
the oxygen content of the organic matter without changing its HIC ratio.
Catagenesis is the second phase of maturation that happens as the sediments get
buried deeper, as a result of the increased temperatures and pressures. This is also
the primary stage for oil generation. Hydrocarbons are released during this stage
from the kerogen, oil first and then gas. Contrary to diagenesis, the HIC ratio drops
significantly during catagenesis for the type I and II kerogens. The large molecules
of kerogen decompose into smaller ones, releasing bitumen which is a byproduct of
decomposed organic materials. Importantly, in this stage secondary porosity starts














stage with the formula in equation 1.1 that summarizes the kerogen conversion.
Kerogen -----+ bitumen -----+ oil + gas + residue (1.1)
Metagenesis is the last stage of kerogen maturation. It happens at relatively
higher temperatures and pressures with increased burial depth. The kerogen in this
stage loses most of its hydrogen content, expelling gas (methane), and converting into
graphite.
1.4 Significance
Figure 1.4 shows a map of the Green River formation of the western USA, including
the western part of Colorado, northeastern Utah and southwestern Wyoming. Four
basins are identified on the map: the Uinta basin, Piceance Creek basin, Washake
basin, and the Greater Green River basin. Due to its enormous potential, the Green
River formation has always generated great interest from the US government and
private companies as means of secure energy source and a profitable resource of oil
and gas. The estimated quantity number of in-place reserves of oil shale has been
increasing over the years due to new discoveries and technologies. (Johnson et al.,
201Oa) estimate about 1.5 trillion barrels of oil in-place in the Piceance basin, and
about 1.3 trillion barrels in the Uinta basin.
This huge number of reserves is comparable to the world reserves of conventional
oil and gas. However, most of the Green River formation deposits are thermally
immature, have neither been buried deep enough nor reached high enough sustained
temperatures in their geologic history to transform the high organic content into liquid
hydrocarbons. An exception is the west side of the Uinta basin in Utah (Dyni, 2006).
Therefore, research has been carried out to develop the best extraction methodologies






















Figure 1.3: Van Krevelen diagram showing the maturation paths of the three kerogen











In the past, the common production technology of oil shale has been surface mining
followed by processing in above-ground retorts. High temperatures, up to about 500
DC, are required for this technique in order to convert the kerogen to oil. Despite its
simplicity, this approach requires costly surface facilities and creates environmental
problems resulting from mining and waste disposal. Although surface mining is an
old method, the approach could still benefit from new technology.
An alternative process still in the development phase is in-situ conversion. This
technique involves inserting heaters in wells to heat the oil shale reservoir slowly to
about 350 "C. At this temperature, kerogen starts to be converted to oil and gas. On
a pilot scale, Shell has successfully managed to extract good quality oils requiring no
further upgrading (Bartis et al., 2005). There are several other companies that have
been researching the development of in-situ processes and techniques for oil shale
production, such as ExxonMobil, Total, and Chevron.
There are two main advantages to the in-situ techniques: achieving higher resource
recovery in the deeper sections of the formation; and causing less disturbance to the
environment by avoiding subsurface mining. Nevertheless, the efficient use of heat
with the ability to seismically monitor the performance of the reservoir, and map the
areas of high temperature is a key to any oil shale in-situ process. Figure 1.5(a) and
Figure 1.5(b) show a schematic of the major steps in the two previously discussed
extraction methodologies.
1.6 Geologic Background
Understanding the geology of the Green River formation provides important in-
formation about the location of the study area, and its depositional environment
that caused the current accumulation of the rich TOC rocks and the type of organic
material they contain.
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Figure 1.5: Oil Shale Extraction Methodologies from (Bartis et al., 2005).
1.6.1 Location
The two basins (Uinta and Piceance), where my samples are from, are parts of
a greater sedimentary system of the Green River formation that includes the Green
River, Great Divide, and Washakie in Wyoming, in addition to the Sand Wash basin
in northwestern Colorado. Figure 1.6 from (Johnson et al., 20l0b) shows the areal
extent of each of the two basins. The greater Piceance and Uinta Basins are roughly
bounded by highway 40 to the North and highway 50 to the south. The yellow color
on Figure 1.6 encompasses the areal extent of the oil shale bearing rocks.
1.6.2 Stratigraphy
The generalized stratigraphic column of the Green River formation is shown in
Figure 1.7 from (Dyni, 2006). The formation consists of two main members: the
Garden Gulch at the base; and the Parachute Creek at the top; with some minor
members like the Anvil Point at the base. The Parachute Creek member is carbonate
rich and counts for the upper three-fourths of the formation. It includes the rich and
11
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Figure 1.6: The Green River formation multiple basins areal extent, after (Johnson
et al., 2010b).
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lean oil shale zones from R2 through R8. One of the richest oil shale zones (Mahogany)
accumulates more than 170 billion barrels of in-place shale oil. The Mahogany zone
thickness ranges from 60 to 200 ft, and is bound by the leaner A and B Groove zones
above and below (Dyni, 2006).
1.6.3 Depositional Environment
Figure 1.8 shows a schematic diagram of the Green River formation depositional
environment, which is composed of lacustrine and alluvial deposits. The deposition
began about 53 Ma, when two freshwater lakes merged together to form the larger
Uinta lake in the Eocene (Johnson et ol., 2010b). In the basin margin, sandstones,
clay, shale, and carbonates were deposited. Whereas the basin center contains richer
laminated oil shales with higher organic matter content. Because of the restricted
circulation and lack of oxygen, anoxic environments preserve more organic material
with higher HIC ratio than other environments do (Hunt, 1996). The anoxic fresh-
water closed-lake environment helped preserve the rich organic material deposited in
the oil shales at the center part of the basin.
1.7 Literature Data and Previous Work
There are only a few studies of oil shale elastic properties at high temperatures.
The reason for this is the complexity of the measurements at temperatures higher
than 200 "C, and the lack of reliable data. Figure 1.9 from (a) Mraz et al. (1983),
and (b) Eseme et al. (2007) depicts the effect of the change in organic content on
compressional wave velocity Vp, shear wave velocity Vs, and Young's modulus E.
A noticeable decrease in velocity occurs with increasing organic content, however
Vp shows greater sensitivity to organic content than Vs. As can be noted on the
left figure, the rate of decrease in Vp is much faster than Vs with the increase of
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Figure 1.7: Generalized stratigraphic column of the Green River formation with the
different members lithologies and richness, from (Dyni, 2006).
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Figure 1.8:. Schematic Diagram illustrating the lacustrin and alluvial depositional
environments of the Green River formation, after (Dubiel, 2003).
vp begins to approach a constant level for increasing organic contents of over 160
LIT. However, more data points of oil shale grades greater 160 LIT are needed to
prove this phenomenon. than In addition, it is also well noted that Young's modulus
decreases non-linearly with increase in organic content.
Figure 1.10 shows the relationship between the P-wave and S-wave velocities and
temperature for two different samples of rich shale. According to Mraz et al. (1983),
four different temperature regions can be identified on the graph. The first region,
between room temperature and 230 "C, where a constant decrease in Vp and Vs with
the increasing temperature can be seen. The second region is between 230 "C and 260
"C, in which an anomalous abrupt decrease in the velocity occurs. These anomalies
can be explained by the loss of bound water from the shale matrix by heat. The third
region is between 260 "C and 480 "C, where again a constant decrease in velocities
with the increasing temperature can be noticed but with a slower rate this time. The
fourth and final region is at temperatures higher than 480 "C, where a slight increase
in Vp and Vs with the increasing temperature can be noticed. This counter intuitive
behavior is explained by Mraz et al. (1983) as a result of the re-cementation of the
shale matrix following organic degradation. However, when translated into moduli,
these data give inconsistent results. Figure 1.11 shows bulk and shear moduli as a
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Figure 1.9: Velocity and modulus dependance on organic content. (a) The dependence
of compressional (Vp), and shear (Vs) velocities on the increase in organic content
(Lit). Adapted from Mraz et al. (1983) (b) The dependence of elasticity modulus
(E) on oil shale grade (Lit). Adapted from Eseme et al. (2007)
assuming the rock is isotropic. At temperatures around 230°C, the bulk modulus
has a zero value. This cannot be true for any real material. Thus, questions arise
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Figure 1.10: The dependence of compressional velocity (Vp) and shear velocity (Vs)
on the increase in temperature °C for two different samples (1,2) with organic content
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Figure 1.11: Calculated bulk and shear moduli as a function of temperature. Data
extracted from Mraz et al. (1983). (courtesy M. Batzle)
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CHAPTER 2
STUDY SAMPLES & EXPERIMENTAL SETUP
As discussed in the previous chapter, the Green River formation largely consists
of immature rocks with type I kerogen content. The in-situ exploitation technique
involves retorting or heating the rock to high temperatures, up to 350°C, in order to
convert the kerogen into liquid hydrocarbons. Therefore, laboratory experiments at
high temperatures have been performed to study the change of properties of oil shale
rocks as a function of temperature. However, this involves some complexities with
the sample preparation and the experimental apparatus.
2.1 Summary
Chapter 2 starts with an overview of the rock samples used in this study, and
the way they have been prepared. Then, the experimental apparatus is described
in detail in the following section. The building of this high temperature apparatus
was the most challenging part of the thesis. Eventually, the last section includes a
separate experiment that was performed to calibrate the acoustic transducers used in
this study.
2.2 Sample Characterization & Preparation
Measurements of compressional (P) and shear (S) wave velocities have been com-
pleted on several rock samples, with different geometries and organic contents. Three
main rock types from the Green River formation have been used throughout this
study: UTAH, lal, 3al. The UTAH samples comes from the White River Oil Shale
Mine in the Northeastern part of Utah, and are part of the Mahogany formation of
the Uinta Basin. The other two samples lal and 3al were received from ExxonMobil
Research Co. from parts of the Colony Mine project in Colorado, and they come
19
Table 2.1: XRD vol% Mineralogy of UTAH, 1301,and 3301samples
I Sample I Quartz I Calcite I Dolomite I Total Carbonates I Pyrite I Total Clay I
UTAH 12.3 7.3 23.9 31.2 0.7 0.7
1301 8.0 0.1 24.0 23.0 03 12.0
3301 11.0 8.0 19.0 33.0 0.2 20.0
from the Piceance Basin. The naming of these three samples were arbitrarily chosen
among other oil shale samples we are working on in the laboratory.
2.2.1 Sample Mineralogy
The mineralogy compositions of the study sample are summarized in Table 2.1.
The data for 1301and 3301were acquired by a fellow graduate student, Sheven Poole,
during her industrial internship, and the UTAH data were acquired at the Weather-
ford Laboratory. The samples are mainly composed of quartz (UTAH: 12.3%, 1301:
8%, 3301: 11%), carbonates (UTAH: 31.2%, 1301:23%, 3301: 33%), and organic con-
tent. The UTAH sample does not have much clay content, in contrast with 3301which
contains 20% clays.
Figure 2.1 shows an FESEM back-scatter image with the different minerals of the
UTAH sample by Sarker (2010). a) is a 60x magnification viewing laminated layers
of organic matter (kerogen) in darker color and bright pyrite feature. b) is a higher
magnification image (1000x) emphasizing the layering of the sample. The dark layer
represents kerogen in between layers of dolomite grains.
2.2.2 Sample Organic Content
The choice of the three rock samples was deliberately made in order to ensure
a representation of lean, medium, and rich organic contents. The UTAH samples
contains about 22 % (by weight) total organic carbon content (TOC), which represents
the rich sample. Assuming that the density of the organic material grains is almost
half of the density of the matrix minerals results in a double value of percentage
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Figure 2.1: SEM back-scatter image of the UTAH sample with different magnifica-
tions. Sarker (2010)
Table 2.2: SRA organic contents weight (wt) and volume (vi) percentage of UTAH,
lal, and 3al samples




volume TOe of 44 vl%. lal sample is the leanest of the three, with a TOe of 8 vl%,
while 3al represents a medium sample with a TOe of 15 vl%. Table 2.2 gives the
results of the source rock analyzer (SRA) tests performed on the three samples at
Weatherford Laboratory.
All three samples are of type I kerogen as can be seen in Figure 2.2(a) with a
hydrogen index of about 900 and oxygen index of less than 20. Figure 2.2(b) also
shows the cross plot of S2 versus TOe, and the different TOe values of the same
three samples.
2.2.3 Samples Preparation
Samples used in this study were cut into right-circular cylinders. All samples are
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Figure 2.3: Samples preparation geometry (modified from Lo et al. (1986))
after each experiment to account for any density or geometry changes.
In order to account for the anisotropy of the rock sample, samples were also cut
into three different directions with reference to their symmetry axis (00 or vertical, 45°,
and 900 or horizontal). These angles will constitute the naming convention from now
on throughout the rest of this text. For example: UTAHgo denotes a horizontal cut
core plug from the UTAH sample. The symmetry axis is the direction perpendicular
to the bedding plane. Figure 2.3 (modified from Lo et ol., 1986) shows a schematic
illustrating the propagation directions for the different P- and S- waves.
2.3 Experimental Apparatus
One of the main achievements of this thesis is the building of an operational setup
to measure acoustic velocities of samples at elevated temperatures and pressures.
This section is a discussion of the sample assembly and apparatus setup.
2.3.1 Sample Assembly
Figure 2.5 shows the different components used in the sample assembly. After the
rock sample is cut into a cylinder, the sample is inserted inside a flexible stainless
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steel tube jacket. Two transducers are attached to both ends of the rock sample with
the gold foil in-between for the acoustic coupling. Each transducer consists of one P-
and S- LiNbo3crystals. The reason for using the LjNbojcrystals is because they have
a curie temperature of around 1200 DC, and they can generally be used up to 600
°C (Kirk et al., 2007). Pore pressure can also be controlled and monitored through
the pore-fluid line that runs through the transducers. A close-up of the transducer
configuration is also shown in Figure 2.4.
Since the oil shale samples of this study have very low permeability, I wrap a 200
tun. stainless-steel wire mesh to increase the contact between the sample and the pore
fluid lines. After the two transducers are inserted inside the jacket tube with the
rock sample in-between, everything is clamped in place and pressure sealed using the
swagelock fitting as shown in Figure 2.5. An electric heater is then wrapped around
the whole assembly in order to provide the required temperature.
2.3.2 Apparatus
The temperature range needed for the experiment measurements is 25-500 DC,
with 0-2000 Psi for the confining pressure. Figure 2.6 shows the actual pressure
vessel that is being used throughout the experiment. The rating of this vessel is over
1000 °C and 100 k Psi, which is enough to ensure a safe experimental environment. In
addition, as a second safety measure, a metal cage housing was also used throughout
the experiment. The vessel is connected at the back to a nitrogen cylinder, used to
provide up to 2000 Psi constant confining pressure.
Figure 2.7 shows the different components that constitute the front of the pressure
vessel. After the rock sample has been assembled as described in the previous section
(2.3.1), the pore pressure lines are connected to the feed-through tubes on the pressure
head. Fiberglass insulated electric wires are used to connect the crystal electrodes of
the transmitting and receiving transducers to the electric feed-through connections
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Figure 2.4: Transducer Assembly
Figure 2.5: Sample assembly
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Figure 2.6: Pressure Vessel
on the pressure head. These electric feed-through tubes are internally insulated with
ceramic powder. An electric heater is then wrapped around the sample assembly to
provide the different temperatures. In addition, two thermocouples are taped on the
sides of the stainless steel tube jacket, which is also connected to a digital thermometer
from the other side of the pressure head to provide readings of temperature. Finally,
the sample assembly shield is screwed into the vessel head, ensuring all components
are kept in place. The head is then inserted into the pressure vessel that provides
hydrostatic confining pressure sealed with the o-ring.
2.4 Acoustic Couplants
At the initial phases of this project, the conventional industrial shear gel was
tested for providing good enough coupling between the rock sample and the trans-
ducers. This is particularly a challenge for shear waves at temperatures higher than
200 DC. Figure 2.8 shows a graph of the shear waveforms at three different ternper-
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Figure 2.7: Pressure head configuration
ature steps: 28°C, 110 °C, and 151°C. The signal was almost completely lost at
temperatures of 151DC or higher. Therefore, several other commercially available
coupling materials were tested as shown in Figure 2.9 ranging from pastes, epoxies,
and cement compounds. Yet none of these materials resolved the coupling problem.
The solution was thin gold foil. Figure 2.10 shows the results from the experiment
in which gold foil was used as the coupling material for shear wave crystals transmit-
ting through a brass piece. Distinct and clean shear waveforms were maintained at
elevated temperatures up to 750 DC, until the signal was lost at 780°C.
2.4.1 Transducer Calibration
In this section, a discussion of the transducer calibration at higher temperatures is
presented. A separate experiment has been performed using the shear Liflbojcrystal
on a brass piece. The sample configuration of this experiment is illustrated in Fig-
ure 2.11 where two crystal (transmitting and receiving) were clamped around both
sides of a brass piece. The whole setup was then inserted into a furnace with thermo-
couples for recording the temperature change. From the recorded waveforms, shear
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Figure 2.8: Shear waveforms vs. temperature
Figure 2.9: Different acoustic couplants tested
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Figure 2.10: Shear waveforms at different temperatures using gold foil as a couplant.
the shear modulus G was computed from equation 2.1 for each temperature step up to
450 "C. Separately, the brass shear modulus was calculated using Sims (2011) model
equation 2.2, which relates the shear modulus of brass G, at a certain temperature t
to the shear modulus at 15°C (GI5). A comparison between the values obtained from
the two methods is shown in Table 2.3 and Figure 2.12. The two results were almost












































































































































































































































































































Figure 2.11: Schematic for brass transducer calibration experiment
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Figure 2.12: Transducer brass calibration
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CHAPTER 3
ACOUSTIC MEASUREMENTS & RESULTS
The third chapter is a discussion of the acoustic measurements and their interpre-
tation, and the governing equations.
3.1 Summary
Chapter 3 starts with an overview of the theory and governing equations that
are applied to the acoustic measurements. Acoustic velocities (Vp and Vs) have been
measured on three oil shale samples with different TOC values (la1, 3a1, and UTAH)
to study the effect of organic content on the velocities. In addition, acoustic velocities
have also been measured for the rich sample (UTAH) in three different directions with
respect to the axis of symmetry (0°, 45°, 90°). All the velocity measurements were
performed as a function of temperatures ranging from 25 °C to 450°C at a heating
rate of ahout 6 °C/hr-1 or 0.1 °C/min-I
3.2 Assumptions & Error Analysis
Before presenting the results and findings of the acoustic experiments, it is im-
portant to define the initial assumptions and sources of errors that may affect the
uncertainty of the data.
3.2.1 Assumptions
The assumptions related to the experimental setup can be summarized in the
following list:
• It is assumed that the recorded temperature resembles the true temperature
of the sample, although the measurement is performed on the surface of the
stainless steel jacket surrounding the sample and not directly on the sample
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surface. This assumption is quite valid given that the heating rate during the
experiment is about 0.1 °C/min-1, which is slow enough to allow for thermal
equilibrium throughout the sample chamber.
• It is also assumed that the applied heat is homogeneously distributed through-
out the sample. In order to validate this assumption, temperature is measured
at two different points at both ends of the sample using two previously calibrated
K-type thermocouples.
• The sample effective pressure is assumed to be constant throughout the en-
tire experiments, focusing only on the temperature dependance of the different
rock properties. This has been achieved through applying a constant confining
pressure of 2000 Psi and atmospheric pore pressure.
Other assumptions related to the rock sample itself include:
• The sample cut angle with the axis of symmetry during sample preparation
is assumed to be accurate. In other words, the 900 samples are assumed to
be accurately cored parallel to the bedding orientation. CT scan images of
all samples were taken to check the accuracy of this assumption as shown in
Figure 3.1.
• The density of the sample is assumed to be nearly constant during the experi-
ment ranging from 1.7 - 1.83 gm/cc. Although some hydrocarbons are produced
from the rock, the density is assumed to not change significantly throughout
the course of the experiment.
• Oil shale samples are also assumed to be transversely isotropic (TI), where the
physical properties are symmetric about the symmetry axis that is normal to
the bedding plane. Figure 3.2 shows an example of laminated oil shale sample,
where layers are quite continuous and homogeneous in the same bedding plane.
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o deg cut 45 degcut 90 deg cut
Figure 3.1: CT scan images of different rock sample cuts
Figure 3.2: Polished oil shale sample showing typical lamination of organic-rich
(darker) and organic-lean (lighter) layers.
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3.2.2 Error Analysis
There are two main sources of errors that can affect the uncertainty of the mea-
sured data:
• As rock samples are heated to elevated temperatures, they may experience
geometry expansion and increase in length. This can significantly alter the
calculation of acoustic velocity propagating through the sample. Therefore,
in order to account for the length change of the rock, samples are measured
before and after experiment. The change in length is accounted for on the error
bars of the velocity plots. Errors are normally minimal at the beginning of the
experiment, and increase with temperature.
• The other source of error in the measurements is the calculation of the first
arrival time. Since the first arrival picking is done manually on the received
waveform, it can be erroneous and subject to human error. I accounted to a
maximum of 0.3 tis error in picking the first arrival time.
3.3 Velocity Measurements
In this section, the immediate results of the velocity measurements are discussed.
Compressional (P) and shear (S) wave velocity measurements have been performed on
five different samples. Three samples are from the UTAH rock cut in three different
directions with respect to the symmetry axis: parallel or 0°, diagonal or 45°, and
perpendicular 90°. All UTAH samples are organic-rich with high TOC values of 22
wt%. Whereas the other two samples 1a1 and 3a1 ani organic-lean and organic-
medium rocks respectively. The TOC values for 1a1 and 3a1 are 8 and 15 wt%
respectively. All experiments were performed under a confining pressure of 2000 Psi
and atmospheric pore pressure, allowing for any produced fluids inside the sample to
escape.
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Estimated errors are shown on the following graphs by vertical line bars on every
velocity measurement. As discussed in the previous section, the main sources of data
error are the change in sample length, and the manual error in velocity picking. With
comparison to higher temperatures, no significant change in sample length is expected
to happen initially at the lower temperature conditions. In addition, the waveforms
acquired at higher temperature have less signal to noise ratio, which could have a
larger effect on the first arrival time picking. Therefore, the total errors are shown on
the graph increasing with temperature.
3.3.1 Propagation Direction Dependence
Compressional and shear velocities in the three different directions have been mea-
sured with the purpose of determining the rock elastic and anisotropic properties.
Figure 3.3 shows the measured vertical velocities VpOand VsOas function of temper-
ature in the direction perpendicular to bedding orientation. The velocity values of
Vp and Vs show a decreasing trend with increasing temperature ranging from 2.26
to 1.30 km/s, and 1.30 to 0.62 km/s respectively. Three main temperature regions
can be identified on the graph: first region from 25 to 200°C; second region from 200
to 400 °C; and third region from 400 to 450°C. The fitted curve, represented by the
dotted line, shows different slopes in these regions. The middle region exhibits faster
velocity decrease by increasing temperature than the first region, while the third
and last region doesn't show much change in velocity values. Most interestingly, the
middle region on the VsO curve shows a more rapid decrease in the shear velocity
reaching about 0.3 krnj's at 300°C, and increasing again up to 400 °C. This could be
attributed to the kerogen conversion into fluids within this temperature range as will
be discussed in more detail in chapter 4.
Figure 3.4 shows the measured velocities Vp45 and Vs45 as function of tempera-
ture in the diagonal direction with respect to bedding orientation. The velocity values
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of Vp and Vs also show a decreasing trend with increasing temperature ranging from
Figure 3.3: UTAH VpO and VsO vs. temperature.
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2.65 to 1.38 kru/s, and 1.46 to 0_76 km/s respectively. Three main temperature re-
100 200 300 400
gions discussed before for the vertical sample can be identified on the compressional
velocity curve (Vp45), yet a similar trend is not noticed on the shear velocity curve
(Vs45).
Temperature (q
Figure 3.5 shows the measured horizontal velocities Vp90 and Vs90 as a function
Figure 3.4: UTAH Vp45 and Vs45 vs. temperature.
of temperature in the direction parallel to bedding orientation. The velocity values of
Vp and Vs again show a decreasing trend with increasing temperature ranging from
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Figure 3,5: UTAH Vp90 and Vs90 vs. temperature.
500
3.11 to 1.61 km/s, and 1.72 to 0.81 km/s respectively, Vp90 appears to have a faster
rate of decrease than Vs90 with temperature. This result is counter-intuitive, which
could suggest that kerogen-rich layers are not perfectly continuous or aligned along
the bedding plane. Repeated experimental measurements will be the best method to
prove or disprove this result.
Figure 3.6(a) is a combined plot showing the comparison between variation in the
P-wave velocity as function of temperature for the UTAH rock sample measured in
the vertical (00), diagonal (45°), and horizontal (900) directions. All three directions
show a similar decreasing trend in P-wave velocity with temperature. However, the
measured velocities have higher values in the horizontal propagation direction (Vp_90)
than the diagonal one (VpA5), whereas the vertical propagation velocity (Vp_O)shows
the lowest values, This result is logical as the horizontal sample is the stiffest due
to the effect of stronger minerals (such as dolomites), and (Vp_90) will be faster in
a VTI medium. Yet, the softer kerogen-rich layer dominates the slowness effect on
the P-wave velocity in the vertical propagation direction. Nevertheless, the three
velocities seem to converge with the increase of temperature reaching close values
around 1.4 krn/s, A possible reason for this effect is the conversion of kerogen into
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lighter fluids that escape from the sample at higher temperatures, leaving behind a
stiffer material.
A similar decreasing trend of the shear velocity with temperature is observed in the
three previously discussed directions. Figure 3.6(b) shows the combined temperature-
dependance comparison between Vs_O,VsA5, and Vs_90. Unlike the P-wave velocity
measurements, the S-wave velocities do not exhibit the same convergence behavior
with the temperature increase. In fact, the shear velocity (Vs_O) in the vertical
direction shows a significant divergence from the velocity (Vs_90) in the horizontal
direction with the kerogen-conversion temperature region, between 200 to 400 "C.
This result will be discussed in more details in the next chapter, however, this may
suggest that shear waves are more sensitive than compressional to the rock anisotropy.
3.3.2 Organic Content (TOC) Dependance
Acoustic velocities (Vp and Vs) have also been measured for three oil shale samples
with different TOC values (La l , 3al, and UTAH) to study the effect of organic content
on the velocities. lal is a kerogen-lean sample with 8 wt% TOC. 3al is a kerogen-
medium sample with 15 wt% TOC. Lastly, UTAH is a kerogen-rich sample with 22
wt% TOC. During the preparation of these three samples, they were all cut into the
same horizontal direction (900) perpendicular to the symmetry axis.
All three sam ples show a similar trend of decreasing P-wave and S-wave velocities
with the increase in temperature. Figure 3.7 shows a comparison between the P-
wave (a) and S-wave (b) velocities between La l , 3al, and UTAH. The kerogen-lean
sample (lal) demonstrates the fastest velocities (Vp and Vs), while the kerogen-rich
sample (UTAH) demonstrates the slowest velocities. 3al exhibits velocity values in-
between UTAH and lal. This is because kerogen is the softest component of the rock.
Consequently, increasing the organic content of the sample makes it even softer, which
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(b) Shear velocity (Vs) in the three direction 0°, 45°, 900 from UTAH (rich) sample.
Figure 3.6: Comparison between velocity in the three direction 0°,450,900.
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(b) Effect of organic content (TOC) on shear wave velocity (Vs)
Figure 3_7: Effect of organic content (TOe) on velocity, The propagation direction
in all these samples is parallel to bedding (perpendicular to the axis of symmetry).
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3.4 Elastic Properties & Anisotropy
The general form of the relationship between stress a, and strain <j is given by
Hooke's Law expressed in equation 3.1, where i, j = 1,2,3,4,5,6 and Cij is the
reduced notation of the stiffness tensor. As discussed before in the assumptions
section, oil shale samples from this study are transversely isotropic (TI). For a TI
medium, all the rock properties in any plane perpendicular to the axis of symmetry
are symmetric. Also, only five independent stiffness coefficients are needed to fully
define the different properties of the rock: C11; C12; C13; C33; and C44. Therefore,
equation 3.1 can be written in the expanded form as in equation 3.2. The sixth
stiffness coefficient C66 can be derived from Cll and C12. In order to avoid confusion
with the numbering convention, Figure 3.8 shows that the 3-direction is the direction
of the axis of symmetry, and the other two directions (1 and 2) are the perpendicular
axes in the symmetry plane.
ai = CijEj
(71 C11 C12 C13 0 0 0 <1
(72 C12 C11 C13 0 0 0 <2
(73 C13 C13 C33 0 0 0 <3
(74 0 0 0 C44 0 0 <4
(75 0 0 0 0 C44 0 <5




Equations 3.3 to 3.8 give the formulas needed to derive the five stiffness coefficients
from the compressional and shear velocities, where p is the bulk density of the rock













Equations 3.3 to 3.8 were applied using the UTAH P- and S- wave velocities in
order to estimate the different elastic stiffness coefficients.
Figure 3.9 shows the temperature dependance of Cll and C33. The measured data
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Figure 3.9: Temperature dependance of Cl l and C33.
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temperature. Cn decreases from 17.65 to 4.76 GPa in the temperature range from
25 to 400°C, while C33 decreases from 8.68 to 2.87 GPa in the same range. This
suggests that Cndecreases with a faster rate than C33. This result is quite counter
intuitive because rocks are normally stiffer in the direction of the bedding plane, i.e.,
the direction of Cn. Cn and C33 are proportional to the square of the horizontal
velocity (Vp90) and vertical velocity (VpO) respectively.
The dependance of C44 and C660n temperature is shown in Figure 3.10. Both stiff-
ness coefficients generally decrease with the increasing temperature until they tend
to converge at temperatures higher than 400 "C. However, C44 exhibits a significant
decrease in the region from 200 to 300 "C reaching a value of about 0.2 GPa, and then
increases again till the temperature reaches 400°C where it almost stays constant.
Since the UTAH sample is 22 wt% TOC, kerogen is expected to be the key player
affecting the change in rock properties with temperature. Therefore, this rapid de-
crease in the shear modulus C44 could be attributed to the conversion of kerogen into
liquid hydrocarbon, which causes C44 to almost drop to a zero value as shear waves
cannot propagate through fluids. As temperature increases above 300 "C, the rock
starts acting stiffer as fluids leave the sample and probably the kerogen converts into
44
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Figure 3.10: Temperature dependance of C44 and C66.
a harder material.
Having calculated the five stiffness coefficients from the measured wave velocities,
equations 3.9 to 3.11 were used to calculate the bulk modulus (K), horizontal Young's
modulus (El), and vertical Young's modulus (E3). K is the ratio of the stress change
over the volume change under compression. E is the ratio of the axial stress to the
axial strain. Basically, any other modulus can be determined from both the bulk and
Young's moduli. The vertical shear modulus (f.L) is equal to C44, which is the ratio of
shear stress to shear strain.
K = C33(Cll + Cl2) - 2Cf3
Cll + 2C33 + Cl2 - 4Cl3
Ll.o- Ll.?
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Figure 3.11: Temperature dependance of bulk modulus K.
where,
Cn C12 C13
D = C12 Cn C13
C13 C13 C33
Figure 3.11 is a graph of the calculated temperature dependance of bulk modulus
K, which shows a continuous decreasing trend of K from 7.18 to 2.24 GPa in the
heating range from 25 to 450°C. Figure 3.12 also shows a consistent decrease in E1
and E3 reaching the lowest values at 300°C.
3.4.2 Anisotropy Analysis
In order to further study the anisotropy of the rock, Thomsen (1986) equations
3.12 and 3.13 can be used to get a systematic measure of the P-wave and S-wave
anisotropies respectively from the calculated Thomsen's parameters epsilon (E) and
gamma h)· The ratio Ed E3 in equation 3.14 is also another measure of anisotropy,
and is called by King (1970) the anisotropy ratio.
(3.12)
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Figure 3.13(a) illustrates the temperature dependence of C44, C66, and r- The
change in "y with temperature represents the difference in the C44 and C66 trends,
which is why the three curves are plotted together. The graph shows a very significant
change in the shear anisotropy (r) in the temperature range (200 - 400)OC with a
peak value occurring at 300 "C. This peak may represent the temperature at which
the maximum kerogen conversion into lighter hydrocarbons occurs. As temperature
increases higher than 300 "C, lighter hydrocarbons escape from the rock sample,
leaving it less compliant. This significant contrast in "y makes it a good production
indicator for in-situ kerogen conversion processes.
Shear experiments were performed by Behura et at. (2009), in which "y was mea-
sured with the aid of a shear rheometer applying rotational torques on unconfined
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oil shale samples. Data were recorded as a function of temperature, as shown in
Figure 3.13(b). Similar behavior of I at elevated temperature can be noticed. How-
ever, because of the difference in the confining stress and frequency ranges, a shift
is observed both in temperature and in the value at which I reaches its peak. Mea-
surements on the UTAH sample were performed under 2000 Psi confining pressure
and using ultrasonic frequencies (1 MHz), whereas the rheometry data were acquired
with no confining pressure at much lower frequencies ranging from 0.01 to 80 Hz.
A comparison between the compressional anisotropy E and shear anisotropy I is
shown in Figure 3.14. Both sets of data indicate that shear waves are much more
sensitive than compressional waves to oil shale anisotropies due to the effect of heating.
Both sets of data also show a weakening in the vertical shear modulus over a restricted
temperature range resulting in a peak in the shear anisotropy (I).
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(b) Temperature dependance of C55, e6G, and Thomsen's parameter
Gamma h) calculated from rheometry experiment with unconfined con-
ditions. Behura et al. (2009)
Figure 3.13: Thomsen's anisotropy parameter Gamma.
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This chapter is focused on characterizing the elastic properties of kerogen at ele-
vated temperatures.
4.1 Summary
In an attempt to further characterize the elastic properties of kerogen as func-
tion of temperature, effective medium modeling theories were used to extract the
properties of kerogen alone out of the rock matrix properties, determined in chap-
ter 3. In addition, separate experiments have been performed by maturating the
UTAH kerogen-rich samples (22 wt% TOC) by heating for several days under con-
stant confining pressure conditions. Field Emission Scanning Electron Microscopy
(FESEM) and X-Ray Computer Tomography (CT) imaging were used to study the
micro-structural changes of kerogen in oil shale samples before and after maturation.
4.2 Effective Medium Modeling
It is evident from the acoustic measurements (chapter 3) that kerogen is the main
contributor to the property changes of oil shales at elevated temperatures. The rest of
the rock matrix minerals are assumed to have a much less pronounced dependance on
temperature. Therefore, in an attempt to model the kerogen properties, the Backus
average model has been applied. The model used for oil shales consists of a two-
component rock system of background minerals and kerogen. I feel this is a valid
assumption as my UTAH samples contain 22 % kerogen, which is translated to 44
% kerogen by volume. In addition, kerogen-rich layers have shown to be laterally
continuous throughout the sample, which satisfies the Backus assumption of layered
TI medium.
51
4.2.1 Backus Average Model
The main assumptions considered for the Backus average model are given by
Mavko et al. (2003):
• The modeled layered system is to be transversely isotropic around an axis of
symmetry.
• The background minerals and kerogen are assumed to be linearly elastic.
• Each layer thickness is also assumed to be much smaller that the wavelength,
although how small it should be is still questionable.
Vernik & Liu (1997) have studied several organic-rich rocks with different TOC con-
tent, and reported an approximation of kerogen properties at room temperature (p=
1.25 g/cc, Vp = 2.8 krn/s, and V, = 1.60 km). This translates into kerogen properties
of Cll = C33 = 9.80 CPa, C12= C13= 3.40 CPa, and C44= C66= 3.20 CPa, assuming
kerogen isotropy.
Starting with the data from Vernik & Liu (1997), I calculated the five stiffness
coefficients for kerogen at room temperature. Then, Backus average equations were
solved for estimating the background minerals properties. Consequently, the back-
ground minerals are assumed to stay constant at elevated temperatures, and only
kerogen properties have been changed in order to fit the acoustically measured ma-
trix properties. From this I concluded kerogen properties: Vp modulus (Cll); shear
modulus (C44); and bulk modulus (K) as a function of temperature. The governing
equations for the Backus model are given by Backus (1962).
(4.1)
C;2 = (C12 - C~3Ci}) + (Ci31;-1 (C13Ci3I) 2
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(4.2)
, 1 -1)-1C33 = \C33 (4.3)
(4.4)
C' IC-1)-144 - \ 44 (4.5)
(4.6)
, where the brackets (... ) represent the volumetric weighted average of each matrix
component properties.
4.2.2 Modeled Kerogen Properties
In this section, the results of applying the Backus average for modeling the kerogen
properties (Cl1, C44, andK) are presented. Figure 4.1 shows a graph of the temper-
ature dependance of Cl1. A general decreasing trend in Cl1 with the increasing tem-
perature can be noticed. However, the rate of decrease is fastest in the temperature
region 1 (marked in red on the graph). This can be attributed to the conversion of
kerogen from solid phase to a much softer material (bitumen) and fluid hydrocarbons
(oil and gas). This is consistent with the laboratory experiments, in which expulsion
of hydrocarbons outside the sample has been noticed at temperatures around 300°C
(region 2 marked in green). At elevated temperatures higher than 400 DC, not much
change in Cl1 is observed (region 3).
Kerogen shear modulus fJ, or C44 has also been modeled as a function of tempera-
ture as shown in Figure 4.2. Five temperature regions have been marked on the graph
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Figure 4.1: Temperature dependance of the kerogen Vp-modulus Cn, predicted using
Backus average model.
green represents constant value trend, and blue represents increasing trend. C44 is a
good indicator of the material phase. It appears that in region 1 solid kerogen softens,
which causes the steep decrease in C44, until it reaches region 2 where kerogen shear
properties stay stable. In region 3, C44 drops to the lowest value of about 0.1 GPa,
which again suggests that this is the region of fluids production as shear waves do not
propagate in fluids. C44 rises again in region 4, which implies hardening or perhaps
chemical cross-linking of kerogen into a stiffer material. In region 5, C44 reaches a
constant value of about 0.34 GPa.
The bulk modulus K of kerogen can be derived from the modeled Cn and C44 as in
equation 4.7, assuming kerogen isotropy. The calculated K for kerogen is illustrated
in Figure 4.3. K follows a decreasing trend that is a combination between those of C11
and C44 curves. With the increasing temperature, region 1 exhibits a steeper decrease
in K values, in region 2 K does not show strong dependance on temperature, another
trend of decrease happens again in region 3, and finally K reaches the constant lowest
value of 0.82 GPa in region 5. However, the values of K can assist in interpreting
the property of kerogen in each region when compared to similar values of known
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Figure 4.2: Temperature dependance of the kerogen shear modulus C44, predicted
using Backus average model.
materials. In region 2, which is thought to be the kerogen conversion window, K
has an average value of 1.80 GPa which is very similar to the bulk modulus of oil
hydrocarbon. This can also confirm the hypothesis that the significant drop of kerogen
material properties in this region is due to its conversion into fluids.
(4.7)
4.3 Imaging
In a different attempt to characterize the micro-structural changes in kerogen
properties and texture, a separate set of experiments have been performed involving
high resolution imaging techniques. Initially, two different oil shale samples (AI and
A2) were heated to 150 and 350°C respectively, under no confining stresses, for a
period of 24 hours. FESElvl images were then acquired to estimate the change of the
kerogen texture with temperature. Another oil shale sample B1, also cut from the
same UTAH rock, was heated up to 450 DC for a period of 72 hours, under confining
pressure of 2000 Psi. FESElvl imaging was then performed to compare the before and
after heating conditions. Lastly, a fractured sample B2 was also heated to 450°C for
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Figure 4.3: Temperature dependance of the kerogen bulk modulus K, predicted using
Backus average model.
a period of 5 days. B2 was scanned using X-Ray CT before and after.
4.3.1 FESEM
The FESEM back-scatter images of natural immature, A1, and A2 samples are
shown in Figure 4.4. The darker gray colors in the right image of Figure 4.4(a)
represent lower density (organic material). The comparison between the natural
sample and A1 suggests that at 150 "C, kerogen starts melting into a lighter material
that is spread on the surface of other minerals. However, after being heated to
350 "C as shown in Figure 4.4(b), most of the organic material appears to be fully
converted into more volatile materials that have escaped the sample, leaving the rock
disseminated with no presence of the dark Grey markers. It is worth noting that
these samples were heated under no confining pressure.
In order to study the natural effect of maturation on the oil shale samples, an
organic-rich sample B1 was heated under confining pressure to 350°C for a period
of 72 hours. Figure 4.5 shows comparison between unheated sample (left image)
and B1 (right image). Using the EDAX tool, the two marked similar appearing
features were identified as kerogen because of their high TOC content. More voids
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(a) Comparison between natural immature sample (left) at room temperature °C and Al (right)
heated to 150°C
(b) Comparison between Al (left) heated to 150 °C and A2 (right) heated to 350°C
Figure 4.4: FESEM back-scatter images comparing unconfined samples at room tem-
perature, 150 -o, and 350 -c
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Figure 4.5: FESEM back-scatter images comparing confined samples at room tem-
perature, and after heating to 350°C for 72 hours. More voids (porosity) can be
noticed on the kerogen feature (right image). These images were taken at x2000
magnification.
represented in the black holes on the surface of kerogen suggest that porosity is being
developed inside the kerogen during the heating process. This resembles the effect of
the natural maturation process, and can also be helpful in better characterizing an
unconventional shale gas reservoir. A similar observation has been made by Pasey
et al. (2010) studying several natural samples of type II kerogen with different levels
of maturation. Figure 4.6 shows the observed porosity being generated inside the
organic matter from a Barnett organic-rich sample. The scale bar also suggests that
the dimension of these pores could be on the order of hundreds of nanometers.
Based on these observations, higher magnification images at the place of the red
circle on Figure 4.5 were recorded as shown in Figure 4.7. Figure 4.7(a) suggests that
these developed porosity could also be interconnected as it is apparent from the 3D
structure of the pores. Furthermore, a much higher magnification (70,000x) FESEM
back-scatter image was also recorded in Figure 4.7(b) showing that the average pore
size is about 270 nanometers, which is also comparable to the observed pore size by
Pasey et al. (2010).
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Organic Matter
Figure 4.6: SEM image showing porosity being developed inside the organic matter
in a Barnett organic-rich rock. (modified fromPasey et al. (2010))
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(a) Zoomed in FESEM back-scatter image of the circled area in Figure 4.5,
showing a higher magnification (x20,OOO)resolution for the structure of the
developed porosity. The red circle marks the place where even higher magni-
fication has been applied to measure the pore dimension in figure (b).
(b) High magnification (x70,OOO)FESEM back-scatter image showing a pore
size of about 270 nanometers.




X-Ray CT imaging was also attempted to study the behavior organic-rich oil
shale rocks as a result of heating. Figure 4.8 shows two images of B2 sample before
and after heating to 450 DCfor a period of 5 days. Initially, the sample appears to
have a lateral fracture shown in the lower half of Figure 4.8(a) along the bedding
plane. However, this fracture seems to have already healed as a result of heating,
except for a small part shown in the right middle of Figure 4.8(b). This supports
the hypothesis that kerogen exhibits a melting then hardening behavior at extremely
elevated temperatures higher than 350°C. Since quantitative X-Ray CT analysis is
not available at the moment, only qualitative conclusions about the structure of the




CONCLUSIONS & FUTURE WORK
This chapter is a summary of the conclusions reached throughout the study, and
suggestion for future work.
5.1 Conclusions
From this study of oil shales, one can conclude the following:
• A new operational high temperature and pressure experimental setup for mea-
suring acoustic properties has been designed and tested. The main challenge
in building this new system was the right choice of coupling material to en-
sure good contact between crystals and the measured rocks. Gold foil has been
proven to provide consistent and effective coupling.
• Using the new setup, acoustic velocities have been measured for the different oil
shales with different TOC contents (UTAH, lal, 3al). Also, for the rich oil shale
sample (UTAH), velocity measurements have been determined in three different
directions: parallel, diagonal, and perpendicular to the rock symmetry axis.
Elastic stiffness moduli have also been derived from the measured velocities.
• Oil shales exhibit high levels of anisotropy, that becomes even more pronounced
as the heating temperature increases. However, shear wave anisotropy, has
shown to be much more dependent on temperature than compressional wave
anisotropy, and very significant in the temperature range of 250 to 350°C.
This is the same temperature range at which kerogen converts into lighter hy-
drocarbons, mostly oil in the case of type I oil shales from the Green River
formation. Therefore, multi-component time-lapse seismic monitoring could be
an extremely effective means of reservoir monitoring during the oil shale in-situ
retorting techniques.
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• In addition, velocity measurements show a significant dependance on the organic
content of oil shales. Therefore, seismic or sonic well logging have the potential
of providing an effective and less expensive tool for determining the hot spots
for in-situ retorting.
• With the application of layered medium modeling (Backus average), elastic
properties of kerogen have been estimated at elevated temperature. Kerogen
seems to act as a solid in the lower temperature ranges, and as a fluid at elevated
temperatures. However, at temperatures exceeding 350°C, kerogen properties
like shear and Young's moduli increase with temperature, implying a hardening
behavior of kerogen at extremely elevated temperatures. Yet, the decreasing
change in the bulk K modulus of kerogen with heating has also been shown to
be less dependent on increasing temperatures than shear modulus u,
• Imaging of type I organic-rich oil shales suggests that intrinsic porosity is devel-
oped inside the kerogen matrix during the maturation process. This result has
been compared to natural maturation processes of other shale gas reservoirs,
and similar results have been observed.
5.2 Future Work
Recommendations for future work include:
• Some of the velocity measurements in this study showed counter-intuitive trends
as a function of temperature. Therefore, in order to confirm or disprove the
initial results, additional repeated P-wave and S-wave measurements could be
performed at elevated temperatures.
• In addition, all of the properties studied in this thesis were measured under an-
hydrous pyrolysis conditions. Hydrous pyrolysis is expected to have significant
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effect on the measured properties of kerogen and oil shales. For this reason, re-
peated measurements under hydrous conditions simulating natural maturation
processes are needed.
• Moreover, for the purpose of determining the strength of the oil shale rocks
at elevated temperatures, mechanical properties need to be better understood
such as: the strength of oil shale rocks at elevated temperatures, and the static
moduli.
• Because of the time consuming nature of the experiments, the stiffness tensor
has been determined only for organic-rich oil shales. However, similar measure-
ments of velocities in different propagation directions with respect to the axis
of symmetry for different grades of TOC of oil shales can be useful in better
characterizing different parts of the oil shale formation.
• Lastly, FESEM imaging has proven to be a very effective method in charac-
terizing the micro-structural changes of kerogen and oil shales. In this study,
FESEM imaging was performed to compare natural samples versus samples
heated to 450 "C. Nevertheless, analyzing the changes at several temperature
steps between room temperature and 450°C can help in understanding the
transitional changes as well.
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